The slender rice (slr1-1) mutant, carrying a lethal and recessive single mutation, has a constitutive gibberellin (GA)-response phenotype and behaves as if it were saturated with GAs [Ikeda et al. (2001) Plant Cell 13, 999]. The SLR1 gene, with sequence homology to members of the plant-specific GRAS gene family, is a mediator of the GA signal transduction process. In the slender rice, GAinducible a-amylase was produced from the aleurone layer without applying GA. GA-independent a-amylase production in the mutant was inhibited by applying abscisic acid (ABA). Shoot elongation in the mutant was also suppressed by ABA, indicating that the slender rice responds normally to ABA. Interestingly, shoot ABA content was 10-fold higher in the mutant than in the wild type, while there was no difference in root ABA content. Expression of the Rab16A gene, which is known to be ABA inducible, was about 10-fold higher in shoots of the mutant than in those of the wild type. These results indicate that constitutive activation of the GA signal transduction pathway by the slr1-1 mutation promotes the endogenous ABA level.
Introduction
Plant development is modulated by interactions among multiple phytohormones. Such interactions include the regulation of biosynthesis of one hormone by another and also interactions between the hormones and their signal transduction pathways. Gibberellins (GAs) play an important role in regulating many physiological processes in the growth and development of plants, including seed germination, shoot and stem elongation, and flower development (Hooley 1994) . Changes in both GA concentration and tissue sensitivity to GA influence these events. However, the molecular mechanisms by which the GA signal is transduced into morphological and biochemical changes in plants are largely unknown.
The slender rice, caused by a single recessive mutation, has a constitutive GA-response phenotype, based on the following evidence: (1) the shoot in the mutant was more than 2-fold longer than that in the normal plant, and was similar to that in the wild-type plant treated with exogenous GA 3 ; (2) the height of the mutant was unaffected by the application of uniconazole, an inhibitor of GA biosynthesis; and (3) GAinducible a-amylase was produced from the aleurone layer of the mutant without applying GA 3 (Ikeda et al. 2001 ). These results indicated that the product of the SLR1 gene mediates GA signal transduction. The SLR1 gene was cloned, and the clone showed significant sequence similarity to other heightregulating genes, such as RHT-1Da in wheat, D8 in maize, and GAI and RGA in Arabidopsis (Peng et al. 1997 , Silverstone et al. 1998 , Peng et al. 1999 . DNA sequence analysis revealed that the slr1-1 mutation is a single base pair deletion in the putative nuclear localization signal domain, resulting in a frameshift that abolishes protein production. Because its loss results in a constitutive GA response phenotype, the SLR1 protein must be a negative regulator of the GA signaling process (Ikeda et al. 2001) .
A mutant similar to the rice slr1, slender barley (sln1), has been reported in barley that resembles a normal plant treated with high doses of GA (Chandler 1988, Lanahan and Ho 1988) . In this mutant, the GA-independent production of a-amylase by the aleurone was reduced by applying abscisic acid (ABA). ABA is a plant growth regulator involved in the induction of seed dormancy and in adaptation to various stresses. In barley aleurone, ABA counters GA action by repressing the aamylase induction promoted by GAs (Jones and Jacobsen 1991) ; however, the mode of ABA action on a-amylase expression is still unknown.
Recent biochemical and molecular genetic analyses of ABA-deficient mutants showed that the carotenoid cleavage step, catalyzed by 9-cis-epoxycarotenoide dioxygenase (NCED), might be a rate-limiting step in ABA biosynthesis (Taylor et al. 2000) . ABA levels in vegetative tissues are elevated in response to various environmental stresses, most notably to drought.
The interaction between phytohormones, particularly interaction between GA and ABA, is an important factor regulating the transition of seeds from embryogenesis to germination. Here we report that alteration of GA signaling by the slr1 mutation is accompanied by a change in ABA biosynthesis.
Results

Effect of ABA on amylase production in slender rice
The slender rice (slr1), caused by a single recessive mutation, displays excessive shoot elongation, as if saturated with GAs ( Fig. 1) , and was proposed to have a constitutive GAresponse phenotype (Ikeda et al. 2001) . In normal plants, ABA shows an antagonistic effect on the action of GAs. To further characterize slender rice, we examined the effect of ABA treatment on the mutant phenotype, specifically, on amylase production from aleurone cells and on shoot elongation.
Embryo-less half-seeds obtained from the heterozygous slender rice were placed on a starch plate with or without GA 3 and/or ABA for 2 d, and the starch was stained with iodine ( Fig. 2) . Production and secretion of a-amylase from embryoless half-seeds of slender rice was observed as cleared zones (plaques), even on the plate without GA 3 (Fig. 2, -GA) . The ratio of the seeds requiring GA 3 for amylase secretion to seeds requiring no GA 3 was about 3 : 1. This suggests that the M2 progeny were segregated into slender and normal characteristics for a-amylase production. These results demonstrate that exogenous GA 3 is unnecessary for the synthesis and secretion of a-amylase from slender rice (Ikeda et al. 2001 ). However, production of a-amylase, which was GA-independent in slender rice, was repressed by application of ABA (Fig. 2, +ABA) . We also confirmed the secreted amylase to be the GA-inducible isoform A (RAmy1A-protein), the production of which is known to be repressed by ABA (data not shown, Yamaguchi 1998).
Effect of ABA on shoot elongation in slender rice
To further investigate the response to ABA of slender rice, plants were placed in hydroponic media containing ABA for 2 weeks (Fig. 3A) . In wild-type plants, applying ABA causes a reduction in shoot length. Although slender rice grows at a GA-saturated rate, it was hypothesized that ABA might be effective in retarding the growth. Indeed, applying ABA to slender plants resulted in reducing shoot length. Interestingly, the percent inhibition by ABA relative to no ABA controls was similar in both plants (Fig. 3B) , suggesting that the ABA sensitivity of slender rice is similar to that of wild-type plants. Fig. 2 a-Amylase production by embryo-less half-seeds of slender rice. Embryo-less half-seeds of slender rice were placed on starch plates containing 1 mM GA 3 (+GA), 10 mM ABA (+ABA), or no hormones (-GA) for 2 d, and stained with iodine. Fig. 1 Anatomy of slender rice and its parental cultivar, Nipponbare. Shoots of 10-day-old slender rice (right) were more than 2-fold taller than those of wild-type plants (left).
Endogenous ABA levels in slender rice
We used a monoclonal antibody to measure the endogenous ABA levels in shoots and roots of both slender and wildtype rice. The ABA content of slender rice shoots was 10-fold higher than in the wild type, but ABA content in roots was similar in both types (Fig. 4A) . We also investigated the effect of exogenous GA 3 on the endogenous ABA content of wild-type plants, but the resulting increase in ABA content was less than that in the slender rice (Fig. 4B) , and no increase was observed in roots (data not shown). These results indicate that raising endogenous GA to saturating levels in the wild type also elevates endogenous shoot ABA levels. Furthermore, activation of GA signaling by the slr1-1 mutation had a much stronger effect on endogenous shoot ABA levels than did saturation of endogenous GA levels by applying exogenous GA.
Expression of the Rab16A gene in slender rice
To further investigate the response to ABA of slender rice shoots, we examined the expression of the rice Rab16A gene as an ABA-responsive molecular marker. Rab16A is a Lea-related gene that shows strong expression in embryos during the late stage of grain development as well as in vegetative tissues in response to ABA and water stress (Yamaguchi-Shinozaki et al. 1989) . Northern analysis showed a much higher amount of Rab16A mRNA in the shoots of the mutant as compared to the wild type (Fig. 5) . GA treatment increases Rab16A expression plants. ABA content in shoots and roots of 14-day-old slender and wild-type plants was evaluated by using a monoclonal antibody method ). Data are means (n = 3). (B) Quantitative analysis of ABA content in shoots of wild-type rice with (+) or without (-) GA 3 . Grains of Nipponbare were incubated with or without 10 mM GA 3 for 7 or 14 d and the ABA content was determined.
in wild type, but not as much as the slr1 mutation does. These gene expression data are consistent with our measurements of endogenous ABA levels in the mutant. We previously reported that endogenous GA levels in shoots of the slender rice are reduced to less than half those in wild-type shoots (Ikeda et al. 2001) . From these results, we conclude that a mutation of the SLR1 gene results in elevating endogenous ABA levels and lowering GA levels in rice shoots.
Discussion slender rice shows a normal response to ABA
The slender rice (slr1-1) carries a single lethal and recessive mutation and has a constitutive GA response phenotype (Ikeda et al. 2001) . A similar recessive slender-type mutant, slender (sln1), has been reported in barley (Chandler 1988, Lanahan and Ho 1988) . Embryo-less half-seeds of both slender rice produced GA-inducible a-amylase without GA 3 (Fig.  2 , -GA; Ikeda et al. 2001 , Chandler 1988 , Lanahan and Ho 1988 . Lanahan and Ho (1988) and this study found that GAindependent production of a-amylase in the slender rice is suppressed by applying ABA, indicating that the mutants respond normally to ABA. This interpretation was also supported by the effect of ABA on shoot elongation (Fig. 3B) . The SLR1 gene is believed to be a negative regulator of GA-induced a-amylase production and GA-stimulated shoot elongation (Fig. 6) . Because ABA can suppress the effect of the slr1 mutation, ABA is likely to function downstream of SLR1 in the GA signaling pathway (see Fig. 6 ).
Antagonistic effects of GA/ABA on a-amylase production
The induction of a-amylase by GAs in cereal grains is a classic model system for studying how GAs act (Jones and Jacobsen 1991) . GA-dependent transcriptional activation of the a-amylase gene requires the GA-response cis-element complex and the GAMyb protein as a trans-acting factor (Gubler et al. 1995) . GA and ABA influence a range of other events during growth, and studies with mutants defective in GA and ABA signaling have led to the identification of some components in these signaling pathways under various environmental conditions (McCourt 1999) .
ABA suppression of a-amylase genes has been studied extensively Jacobsen 1992, Lanahan et al. 1992) . Microinjection of ABA into GA-treated barley aleurone or protoplasts does not appreciably inhibit GA-induced expression of an Amy:GUS reporter or a-amylase production, whereas ABA in the incubation medium does (Gilroy and Jones 1994) . Thus, ABA inhibition of GA action is mediated by perception at the plasma membrane, but further study is needed to clarify the nature of the ABA/GA antagonism.
Altering of GA signaling modulates ABA biosynthesis
The slender rice resembles normal rice treated with excess amounts of GA but contains lower endogenous levels of biologically active GAs than does normal rice (Ikeda et al. 2001) . In this study, we demonstrated that a mutation in the SLR1 gene results in activation of GA signaling and increased endogenous levels of ABA (Fig. 3) , along with decreased endogenous levels of GAs (Fig. 3 from Ikeda et al. 2001) . These results are summarized in Fig. 6 . The increase in Fig. 5 Accumulations of Rab16A mRNA in slender and wild-type rice. Total RNA (20 mg) from shoots of 14-day-old slender rice, or wild-type rice with (W.T.+GA) or without (W.T.-GA) 10 mM GA 3 application to the hydroponic culture, was separated on an agarose gel and blotted to a nylon membrane. Hybridization was performed with a 32 P-labeled Rab16A cDNA probe (lower panel). The upper panel shows relative accumulation of Rab16A mRNA. The relative mRNA level in the slr1 mutant was set as 100%. Fig. 6 Hypothetical model for GA signaling and control of endogenous ABA levels in slender rice. Width of hatched arrow corresponds to the intensity of GA signaling. The SLR1 gene is a negative regulator (|¾ ) of the GA signaling process; the loss of function mutation in slender rice results in a constitutive GA-response phenotype (Ikeda et al. 2001 ). The constitutive GA-response phenotype leads to a decrease in active GA levels. ABA has an antagonistic effect on the GA-response (|¾ ). () and (¯) indicate enhancement of ABA and repression of GA biosynthesis, respectively. endogenous ABA levels caused by activation of GA signaling in the slender rice was much greater than that caused in normal plants by the continuous application of exogenous GA 3 (see Fig. 4A, B) , suggesting that GA signaling is closely associated with the regulation of endogenous ABA level. It is tempting to interpret the higher ABA content in the slender rice as a response to compensate for the excessive elongation triggered by constitutive activation of the GA signal transduction pathway. Indeed, the slender mutation appears to influence ABA content only in the elongating shoots, but not in the root system (Fig. 4A) . Excessive cell elongation in shoots of the slender rice leads to severe water stress that, in turn, stimulates ABA biosynthesis monitoring by OsNCED gene expression (data not shown) to lead to a 10-fold higher endogenous ABA level. However, the rice plant could not terminate the rapid growth, because the increased ABA content was not enough. This series of plant responses, mediated by phytohormones and their biosynthesis, might be required to maintain water and hormonal homeostasis.
Materials and Methods
Plant growth
Seeds of wild-type rice plants (Oryza sativa cv. Nipponbare, a Japonica rice) and slender rice plants were surface sterilized for 30 min with a 3% NaClO solution, washed three times with sterile distilled water, soaked in distilled water for 24 h, and then placed in fresh sterile distilled water for an additional 24 h. The seeds were then grown hydroponically in deionized water under fluorescent lamps at 30°C.
ABA assay
Shoot and root ABA contents were determined by radioimmunoassay as previously described using a highly specific monoclonal antibody (Vernieri et al. 1989 , Walker-Simmons et al. 1990 ). The absence of non-specific cross-reacting material in the extracts was verified by HPLC fractionation of the crude extracts. An HPLC instrument (Laboratory Data Control, Milton Roy Co., Riviera Beach, FL, U.S.A.) equipped with a UV absorbance detector operating at 254 nm was used. The column (15´0.64 cm) was packed with Lichrosorb RP 18, 10 mm (Alltech Associated, Inc., Deerfield, IL, U.S.A.), and was eluted at a flow rate of 1 ml min -1 using different proportions of methanol and water (with 0.05 M acetic acid added): 30-50% methanol for 20 min, 50% methanol for 6 min, and a linear gradient of 50-100% methanol for 15 min. Two-ml fractions were collected, dried under vacuum, and resuspended in 75 mM PBS (75 mM Na-phosphate, pH 7.0, 75 mM NaCl). Each fraction was assayed in triplicate by radioimmunoassay. All of the injected immunoreactivity was recovered in fractions with the same elution volume as the ABA standard. Noncompetitive interference was excluded by internal standardization experiments ).
Agar plate assay of a-amylase
The agar plate assay was performed essentially as described by Lanahan and Ho (1988) with some modifications (Ikeda et al. 2001) . Seeds were cut transversely, and the resulting embryo-containing halfseeds were planted to determine their phenotypes. The embryo-less half-seeds were surface sterilized with 3% NaClO for 15 min and washed six times with sterile water. These half-seeds were then placed on 2% agar plates containing 10 mM sodium acetate and 2 mM CaCl 2 at pH 5.3. GA and ABA plates were made by adding 1 mM gibberellic acid (GA 3 ) or 10 mM ABA, respectively. To detect secreted a-amylase activity, soluble potato starch (0.2%) was added to the agar before autoclaving. Agar plates were developed by incubation in I 2 gas. Halfseeds that synthesized and secreted a-amylase had transparent halos around them resulting from digestion of the starch by the a-amylase. The other amylases, including b-amylase, were not detectable in the endosperm of Nipponbare seeds (Yamaguchi et al. 1999) .
RNA isolation and Northern blotting
Total RNA (20 mg) was extracted by the aurintricarboxylic acid method and Northern blotting was performed as described by Perata et al. (1997) . Equal loading was confirmed by reprobing with an rRNA cDNA probe and by ethidium bromide staining. Hybridization was performed at 65°C with 32 P-random-labeled cDNA (Rab16A and OsNCED) probes following standard procedures (Sambrook et al. 1989) . Blots were exposed using a Fuji BAS2000 Bio-Imaging analyzer (Fuji Photo Film Co., Ltd., Tokyo, Japan).
